We present a method for using long-term organotypic slice co-cultures of the entorhino-hippocampal formation to analyze the axon-regenerative properties of a determined compound. the culture method is based on the membrane interphase method, which is easy to perform and is generally reproducible. the degree of axonal regeneration after treatment in lesioned cultures can be seen directly using green fluorescent protein (GFp) transgenic mice or by axon tracing and histological methods. possible changes in cell morphology after pharmacological treatment can be determined easily by focal in vitro electroporation. the well-preserved cytoarchitectonics in the co-culture facilitate the analysis of identified cells or regenerating axons. the protocol takes up to a month.
IntroDuctIon
Brain slice cultures offer unique advantages over other in vitro methods, as they mimic numerous in vivo aspects 1, 2 . For most purposes, slices of the developing brain, termed organotypic slice cultures (OSCs), preserve a high degree of cellular differentiation and tissue organization. OSCs have been prepared from various brain regions, including the hippocampus, neocortex, striatum, spinal cord, hypothalamus and cerebellum [3] [4] [5] [6] [7] [8] [9] [10] . As OSCs obviate the need for extensive animal surgery and equipment, their use in basic and applied research has increased over the years 1, [11] [12] [13] [14] . In addition, a number of neuropathological events (from genetic to infective) that affect specific brain regions have been reproduced in organotypic slice platforms [15] [16] [17] [18] [19] [20] . Several methods and modifications have been developed for long-term OSCs, from the pioneer roller tube technique of Gahwiler 21 to the interphase method of Stoppini and co-workers 1, 10 . Roller tube cultures show high variability because of thinning of tissues to a near monolayer of cells that largely conditioned functional studies 22 . The membrane interface culture method (MICM) of Stoppini and co-workers facilitates access to the slice culture. The principle of the MICM is to maintain slices on a semiporous membrane (0.4-µm Ø pore) at the interface between the medium and the humidified atmosphere of the CO 2 incubator. In this method, the medium reaches cultures through the membrane by capillarity. This culture technique and its modifications (e.g., refs. 23, 24) yield neurons that are highly differentiated in terms of their morphological and physiological characteristics. In this regard, dead cells and debris produced during OEC preparation disappear after 2 weeks in vitro 21 , but glial (mainly astroglial) cells proliferate, especially in roller tube cultures, and a rim of laterally migrating astrocytes completely surrounds the cultures 22, 25 . Although we can partly reduce their proliferation with antimitotics, glial scarring also occurs in MICM cultures 10 . However, scarred glial cells in MICM cultures are mainly located at the bottom and edge of the slice (see Fig. 1 ). This is important as the culture medium is applied below the membrane and the dense glial network hinders the effectiveness of a putative drug added to the medium.
Advantages of entorhino-hippocampal co-cultures to explore axon regeneration after pharmacological treatment
Lesioned axons do not regenerate after axotomy in the adult mammalian central nervous system because of the overexpression of inhibitory molecules such as myelin-derived proteins or chondroitin sulfate proteoglycans. These molecules are derived from disrupted myelin sheaths and are also expressed by nonneuronal cells that proliferate in the damaged region (for recent reviews, see refs. 26, 27) . In this protocol, we focus on long-term cultured MCIM containing the entorhinal cortex and the hippocampus as a tool to search molecules promoting axonal regeneration. In anatomical terms, the hippocampus and the dentate gyrus are brain regions with a unique laminar organization of cell layers and afferent connections 28 . The entorhino-hippocampal connection (EHC) is the main afferent connection, although not the only one, to the hippocampus and the dentate gyrus. The EHC has been analyzed in detail and various factors mediating its development have been determined. Moreover, as seen in studies of Raisman and co-workers 29 , Woodhams and co-workers 30, 31 , Frotscher and co-workers 32, 33 and others [34] [35] [36] , the entorhinohippocampal (EH) co-cultures have some specific features that make them particularly interesting in studies of axonal regeneration: (i) the culture method obviates the need for extensive animal surgery and requires less time than other in vivo approaches; (ii) the EHC is reproduced easily in vitro in MCIM cultures with a degree of laminar specificity similar to that found in vivo; (iii) the EHC is myelinated both in vitro in MCIM and in vivo; and (iv) most of the cellular and molecular barriers to axon regeneration are present after the axotomy of the EHC in vitro. Moreover, this system is used to show age-related decline in the ability of EH axons to regenerate, as in in vivo 30, 31, 35, 37 . Indeed, after two weeks in vitro damaged EH axons are unable to regenerate in MCIM platforms. Therefore, from a methodological point of view, the evaluation of axonal regeneration after the EHC axotomy and the treatment is simple. In this sense, this protocol provides an easy method to evaluate (i) the degree of axon regeneration after a pharmacological treatment and (ii) possible morphological changes after treatment using enhanced green fluorescent protein (eGFP) electroporation in MCIM co-cultures. These procedures are developed after the axotomy of the EHC at 2-3 weeks in vitro. After pharmacological treatments, axonal regeneration can be monitored in axotomized MCIM co-cultures and some of the molecular and cellular mechanisms responsible for its absence after adult CNS lesions are shown.
Experimental design
We can evaluate the degree of axonal regeneration obtained after the axotomy of the EHC and the pharmacological treatment in two ways, depending on how co-cultures were prepared: (i) using eGFP transgenic animals in which the entorhinal slice is eGFP-positive and the hippocampus is eGFP-negative (Supplementary Fig. 1 ) or (ii) using normal non-transgenic animals ( Supplementary  Fig. 1 ). In the first case, the evaluation is easy by direct observation of eGFP-positive axons in the non-eGFP hippocampus through fluorescence or confocal microscopy. In the second case, the EHC must be labeled with an anterograde axonal tracer. In our experience, Biocytin (biotinyl-lisine) is the best, fastest and easiest method for labeling the EHC in MCIM. In parallel and to determine changes in cell morphology after the treatment, we can use immunohistochemical methods. However, problems with antibody penetration and antigen detection are usual in MCIM. Another approach is the intracellular labeling with horseradish peroxidase or other intracellular stains. However, this labeling method is tedious. Therefore, additional procedures were developed to label individual cells in slices, including the use of viral vectors (lentivirus, herpes virus, etc.) or gene transfer methods using biolistics, lipotransfection or electroporation (e.g., ref. 38) . In this protocol, we present a modification developed in our labs of the device used for focal electroporation of embryonic slices to perform electroporation in MCIM cultures 39 . For embryonic slices, a Petri dish and a cover square platinum plate electrodes are currently used 39 . These electrodes can be obtained from SONIDEL (CUY701P5E/L model) or other companies. In addition, a square electroporator is needed: BTX ECM 830, SONIDEL CUY21 or similar. Our device is shown in Figure 2 . The first element is a platinum electrode (connected to the pole) that is 0.5-mm Ø and 30-mm long ends in a flat area of 9 mm 2 (3 mm × 3 mm) (Fig. 2a) . At the flattened end, the platinum wire describes waves that allows us to retain for capillarity 1-3 µl of an eGFP-expressing plasmid (e.g., P-eGFP-C3; 500 ng µl − 1 final concentration) or similar. The second electrode in the Petri dish, an aluminum plate, 25-mm long × 15-mm wide, is located and connected to the + pole by a cable. Controls of the axotomy and the pharmacological procedure include the microscopic observation (see below and Troubleshooting table) and the analysis of cell death using propidium iodide 17, 40 or Fluoro-Jade staining 41 . The protocol (preparation of cultures, maintenance, axotomy, treatment, tracing and histology or evaluation of cell morphology by electroporation) will take up to a month (depending on the treatment). This time is less than that required in a similar protocol in vivo and, on the other hand, requires fewer animals and is easier to develop. 
2|
Open the plastic box of the six-well plate in sterile conditions and place 1 ml of warmed MEMi in each well. Before introducing the inserts into each well of the multi-well plate, wait a minimum of 15-20 min. During this time, proceed with the protocol (Steps 5-10, see below).
3|
Remove the excess of MEMi from the insert with the aid of a fire-polished glass micropipette and place the insert into the six-well plate with a curved forceps.
4|
Place the multi-well plate containing the inserts into the CO 2 incubator at 36 °C. Plates containing MEMi can remain in the incubator for hours.  crItIcal step We do not recommend keeping the medium containing plates overnight. 
6|
Clean the razor blades of the tissue chopper with acetone and ethanol before mounting in the chopper. Fix the razor blade with the aid of the square key provided by the manufacturer and adjust the cutting thickness to 350-400 µm. After mounting, spray the blade with ethanol and leave to dry in the hood.  crItIcal step As nervous tissue is very sensitive to oils, detergents and other substances that may remain as residue from previous experiments or mis-handling, take special care, check that all the ethanol has evaporated and change the razor blade in each session.
7|
Clean the Teflon plate of the chopper with ethanol and leave to dry in the hood.
8|
Open the box containing the surgical instruments inside the hood and wash all the instruments with saline, distilled water and 95% ethanol, and then in an ethanol flame. This sterile technique must be used during surgery and dissection. ! cautIon Danger of burn. Do not flame fine forceps or scalpel knives, as they will be damaged.  crItIcal step If a surgical tool touches the dissecting hood surface or other non-sterile area, clean and flame it as above.
9|
Keep the MEMp on ice in the dissection hood and the MEMi at 36 °C.
10|
Prepare four or five 35-mm Ø Petri dishes containing 3 ml of cold MEMp on ice in the dissection hood (Fig. 3) . eH dissection and slicing • tIMInG 10-15 min per pup 11| Decapitate one pup outside the sterile area by cutting with large scissors at the foramen magnum. Make this cut quickly and cleanly.
12| Insert a sharp forceps into the eyes to hold the head and swab the skin around the neck and the head with 70% ethanol to remove blood.
Box 1 | oPTIoNAL PRoCEDURE I
Fast morphological analysis of cultured neurons by electroporation after drug treatment.
• tIMInG 24 h. 1. Clean the surface area of the hood with ethanol and turn on the laminar flow. After the ethanol has evaporated, decrease the flow of the hood. Warm a HBSS solution at 36 °C. 2. Place the Petri dish of the electroporator system under the dissecting binocular and clean the electrode with ethanol. Connect the Petri dish electrode connector to the + pole of the electroporator. ! cautIon Danger of electric shock. The electroporator must be switched off at this moment. Verify that the foot switch of the electroporator is close by. 3. Clean the wire electrode with ethanol and allow it to dry inside the hood. Connect the electrode to the − pole. ! cautIon The electroporator must be switched off at this moment. 4. Place the six-well tray into the hood, remove the media from one of the Millicell and change for 1 ml of HBSS for 5 min. Repeat this operation twice. Adjust the electroporation conditions in the electroporator unipolar current of 100 V, 50 ms pulse, half-second interval, five times. 5. Aspirate the HBSS with a fire-polished pipette and place the insert in the Petri dish in close contact with the aluminum electrode.  crItIcal step The culture must be located in the area of the electrode and a thin layer of HBSS has to wet the membrane area in contact with the electrode. 6. Pipette out 1-2 µl of the DNA plasmid at the plated end of the electrode using a p2 pipette and draw the flat end of the electrode close to the culture (usually 1-2 mm distance) to maintain a drop over the culture by capillarity. Push the foot switch to start the electroporation. ! cautIon Risk of electric shock. 7. Switch off the electroporator, remove the insert from the Petri dish and directly place the insert in the six-well culture plate containing 1 ml of warm MEMi. 8. Put the six-well plate into the CO 2 incubator at 36 °C. After 24-36 h, electroporated cells can be seen in an inverted fluorescence microscope without fixation (Fig. 2) . Alternatively, cultures can be fixed with 0.1 M phosphate-buffered 4% paraformaldehyde for 10 min, rinsed in 0.1 M PBS (pH 7.3), mounted in fluorescence mounting media and processed for further eGFP observation. 13| Make an incision into the skin along the midline of the head with small scissors and pull the skin to the lower side with the fine straight forceps.
14|
Insert the point of the small scissors inside the skull and cut the bone bilaterally from the foramen magnum toward the front.  crItIcal step Maintain sterility. Do not use the same scissors to cut the skin and to cut the skull or the brain. Maintain the scissors close to the skull to avoid damage to the brain.
15|
Carefully peel off top of the skull and place the brain into a Petri dish containing cold MEMp (Fig. 3b) .  crItIcal step Be careful while removing the top of the skull to avoid the damage of the cortex.
16|
Under the dissecting microscope, remove the cerebellum and cut the brain in half along the midline (inter-hemispheric fissure) with the scalpel (Fig. 3c) .  crItIcal step Cuts should be made quickly and cleanly. Avoid pulling on tissue.
17|
Remove meninges and major blood vessels from brain pieces with fine forceps.  crItIcal step If meninges are not removed completely, it will be difficult to cut the brain in the tissue chopper.
18| Turn 90° the hemisphere and separate the thalamus and the rostral portion of the striatum with a fine spatula using the space between the thalamus and the cortex as an anatomic reference. After discarding the dissected tissue, the lower portion of the hippocampus can be seen (Fig. 3d). 19| Make a second transverse cut following the hippocampal fimbria as a reference and the remaining cortex is separated. After this second cut, we obtain the hippocampus and the adjacent cortex in a single tissue piece (Fig. 3e) .
20|
Repeat Steps 17-19 with the second hemisphere.
21|
Transfer the blocks of tissue to the Teflon plate of the chopper using curved forceps and remove all the remaining medium around the tissue.
22|
Obtain sections in the horizontal plane through the caudoventral pole of the hemisphere. To perform these sections, place the hippocampus and the adjacent cortex at a 45° angle to the razor blade (Fig. 3e) . After sectioning, place the Teflon plate in cold MEMp in a 100-mm Ø Petri dish. ? trouBlesHootInG 23| Separate the sections in the MEMp using two spatulas. Next, examine for the quality of slices (Fig. 3f) plating slices in the Millicell inserts • tIMInG 5-10 min per transwell 25| Place the six-well culture plate in the laminar flow hood.  crItIcal step Examine under the dark-field microscope possible defects (e.g., different color or opacity) in the membrane that might affect nutrient transport across the surface. Discard membranes with poor quality, i.e., those that are not uniformly translucent.
26|
Transfer the slices onto the humidified membrane of the insert with a fire-polished pipette and re-orient the slices with a fine spatula. Aspirate the excess MEMi from the membrane surface ( Fig. 3g-h) .  crItIcal step Medium should not cover the membrane, because if it does the survival of the slices decreases steadily. (Fig. 4) .  crItIcal step During this procedure, the Millicell membrane must not be damaged with the knife and the co-cultures must not be allowed to dry.
27|

29|
Place the six-well plate in the CO 2 incubator at 36 °C for 15-20 min and warm the MEMi media.
30| After 15-20 min, change the MEMi (1 ml) and place the plate in the incubator and wait for 1 h.
31| After 1 h, change the medium again with warm MEMi and then place the plate to the incubator. Cultures must be analyzed for integrity and defects next day. ? trouBlesHootInG pharmacological treatment of the axotomized co-cultures • tIMInG 1 h per six-well plate 32| In a clean hood with reduced laminar flow, place the six-well plate containing the axotomized cultures and prepare the drug solution in MEMi without antibiotics.  crItIcal step When the drug interacts with serum proteins, MEMp can be used. Drug solution should be sterile by filtration using low-binding syringe filters.
33|
Open the plate and change the media with 1 ml of warm MEMi.
34|
Under binocular observation, put a drop (not more than 1-2 µl final volume) of the drug dissolved in MEMi in each culture and put the plate into the incubator. Use a fine tip (p2 Gilson micropipette or similar).  crItIcal step Owing to the glial scar, drug must be applied on top of the culture (Fig. 4) 
37|
Remove the six-well plate from the CO 2 incubator and place it in the clean hood under low laminar flow.
38|
Under the dissecting microscope and using a glass micropipette, pick up a small crystal of Biocytin with the tip of the pulled micropipette.
39|
Place the six-well plate under the microscope and open the plate.
40|
Place the crystal of Biocytin in the entorhinal slice.  crItIcal step Slightly press the Biocytin crystal into the slice. This process is delicate and requires experience. We recommend that inexperienced researchers do not perform this step at the beginning.
41| Proceed as in Steps 29-31 and incubate for 24 h.
42|
Remove the media with a fire-polished pipette. Rinse the culture with 0.1 M phosphate buffer (pH 7.3) and fix the cultures for 6-7 h with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3), adding 2 ml of the fixative inside and below the Millicell.
43|
Remove the fixative and rinse the cultures rapidly 3-4 times in 0.1 M phosphate buffer, pH 7.3. Detach the culture from the membrane with the aid of a fine spatula. Transfer the culture to a glass vial. ! cautIon Follow local rules for the treatment of waste material and chemicals.
44|
Incubate the cultures for 2 d with an Avidin-Biotin Peroxidase complex (ABC Elite, Vector Labs). Alternatively, horseradish peroxidase-tagged streptavidin can be used.  crItIcal step Reagent concentration and dilutions should follow manufacturer's instructions. We recommend a dilution buffer containing 10% normal horse serum and 0.5% (vol/vol) Triton X-100 in 0.1 M phosphate buffer, pH 7.3. . 1) .  crItIcal step This differentiation process must be monitored under a microscope using a ×10 objective.
50|
Mount the cultures in glass slides and dehydrate stepwise in ethanol (70%, 95%, (vol/vol) and 100%), clear in xylene substitute and embed in the mounting media (Eukitt or similar).
• . Anterograde labeling with Biocytin or Tau-eGFP cultures (supplementary Fig. 1 ) showed that, after 5-7 DIV, the EH axons formed the typical parallel bundles in the hippocampus proper and the dentate gyrus. The studies by Woodhams and Atkinson 30 described how EHC development may be slightly faster and more extensive in the MICM culture than in roller tube OC. Here we described a method in which a lesion can be easily performed in long-term cultured EH co-cultures after 2 weeks in vitro, allowing for the screening of molecules designed to promote axon regeneration. Current methods of screening mainly use monolayer cultures of cerebellar neurons or dorsal root ganglia cells growing over a coated surface containing a particular inhibitory molecule or compound 46 . For example, in a recent study we performed a screening of a combinatorial library of D-peptides to block Semaphorin 3A inhibition using 3D collagen hydrogels 47 . Although relevant, these methods do not bring the researcher close to the in vivo situation, as most factors in these preparations (primary cultures or 3D collagen hydrogels) are lacking. In contrast, the loss of regeneration of the EHC in vitro closely followed those seen in vivo 31, 35, 37 , and most of the factors involved in the absence of regeneration are present in these culture platforms 36 . In technical terms, in our experience, Tau-eGFP cultures are more appropriate than Biocytin-labeled cultures for a fast nonquantitative evaluation of a molecular screening, as all possible regenerating axons will be fluorescent and can be observed and evaluated directly in a confocal or inverted microscope with appropriate fluorescence filter sets and Image analysis software (Image J or similar) (see ref. 48 as a putative protocol). However, we recommend the use of Tau-eGFP + / − rather than Tau-eGFP + / + mice, as increased expression of eGFP may affect neuron viability 45 . In contrast, for quantitative results, we recommend the analysis of Biocytin-traced co-cultures (see Fig. 3 ). In addition, our modified procedure of electroporation is reproducible, giving rise to a relevant number of electroporated cells to check morphology. In our hands, approximately 30-35 cells are labeled in each slice after electroporation. These cells are viable and their morphology can be analyzed for several days. Compared with other nonviral methods such as gene-gun transfection 49 or single-cell electroporation 50 , our method is easy, fast and could help neuroscientists to analyze specific modifications of several neurons at the same time 24 h after a treatment without compromising the survival of the culture, which in addition offers us the opportunity to determine whether a molecule promotes axon regeneration. 
